MOLECULAR IMPRINTING OF SMALL PARTICLES, AND 
PRODUCTION OF SMALL PARTICLES FROM SOLID STATE REACTANTS 

DESCRIPTION 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

The invention pertains ,0 moleeular imprinting of small particles and, more 
particularly, to a method of molecular imprinting which utilizes a propellan, as the 

10 Lent and dispersing agent of .he matrix materia, and to imprinted parttcles formed by 
,he method as well as devices coated with imprtnted particles, such as, for example 
surface acoustic wave (SAW) devices. In addition, the invention pertains to a method 
for the formation of small particles of monomers containing solid-state react,,,.,. 
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Molecular imprinring is a process, which involves arranging of polymenzable 
functional monomers around a .emp.a.e (print) molecule. This is achieved either by 
utilizing non-covalen, interactions such as hydrogen bonds, ion-pair in.erao.tons, e.c 
(nomcovalen. imprinting), or by reversible covalen. interactions (covalen. impnmmg) 
between .he prin. molecule and the functional monomers. Typically, a molecule to be 
printed (template) is combined with a mixture of funcrionalized and non-mncttona zed 
corners so tha, .he monomers surround the template. In .he process, funct.ona zed 
_s align themselves in a binding relationship to complementary func.tona. groups 
„„ the .emplate .o form therefore a complex wi.h the template. After polymer.zahon 
functional groups are held in position by the highly cross-linked polymeric matnx The 
template is men removed, and .he resulting ma.eria, contains imprin.ed btndtng 
which are complimentary in size and shape to .he template. The complementary bmdtng 
groups, arising from the funcrionalized polymer gronps incorpora.ed durmg the 
mprin.ing, are specifically positioned to enhance .he preferential subs.ra,e bmdmg and. 
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if desired, subsequent catalysis. The imprinted polymer materials are capabie of specific 

sorption orspecrficcaraMic activity. A good description of state of «he atto molecular 

>. f a ;« Moihach K Trends in Biochemical Sciences, Vol. 7, pp. 9z- 
imprinting can be found in Mosbacn, N-, rcnu 

. , , v„i it nn 85-87 1993; and Andersson, 
96 1994; Wulff, O., Trends in Biotechnology, Vol. 1 1, pp. 85 8/, lf», 

et al Molecular Interactions in Bioseparations (Ngo. T. T. ed.), pp. 383-394. 
- " The functionalized monomers usually used for molecular imprinting are; aoryltc 
acids [Anderson, L, Sellcrgren, B; Mosbach, K. Tetrahedron Lett. .984, 2* , ,5211. 
Sellergren, B, Upi,o, M, Mosbach, K. , At, Soc. 1988, UO, p. 85, 

Audln, L. 1, Mosbach, K. , C«, ,990, 5f o, p.3,3. Ma, S u, , Miyoshi, V., 
Takeuchi T. Chem Lett. 1995, p.1007.], vinylbenzoic acids [Andersson, L. ; Sellergren, 

, , , ,„„ lost! 25 d 521 11, acrylamino-sulfonic acids [Dunkin, 
B ■ Mosbach, K. Tetrahedron Lett 1984, 23, p.nzi J 

, R ■ Lcnfeld, J, Sherrington, D. C. Pofynter 1993, 34, p.77], antino-metacrylamtdes 

rBeach , V • Shea, K. J. J. Am. CHem. So, 1994. 1,6, P-379.], vinylpyridines 
[Beach, 1. V , |w m 7562 Kempc 

[Ramstrom, O.; Andersson, L. 1., Mosbach, 

M ' Fischer, L,, Mosbach, K. ,/. Mo/. Recast. .993, * p.25], vmyl tmidozales [Kempe, 
Ml Fischer, L, Mosbach, K. J Mo,. Recoct .993, Vol. 6. p.25. Uonhard, A 
Mosbach, K. React. Foiym. .987, 6, p.285.[, acrylamides [Yu, C, 
Cto. 1997 C, p.4057 ], and vinyl-iminodiaeetic acids [Dhal, P. K, Arnold, F. H. 
A^tChem. Soc. 1991, 113, p.7417. Kempe, M.; Glad, M.; Mosbach, K. J. Uol. Recogmt. 



20 1995, 8, p.35.]. 



' Prior ,„ this invention, methods of molecular imprinting have achieved only 
m „des. success in the enhancing polymer selectivity and catalytic activity. The reason 
for this is, that in order to be effective in a wide scale, imprinted materials must have 
hinding/active sites to be homogeneous (in specificity and activity), be we, formed 
, 5 (hased on shape and reactivity), and be easily accessible by the reactan, molecules 
' access is affected by shape, size and polarity of the channels leading to the catalytic 
ite) . The imprinted polymeric materials created by prior art methodologies have sues 
L are generally no, vet, accessible and no, homogenous, as they often have different 
binding affinities a„d to r reac.ivitie, These problems mainly arise front the nrethod used 
30 for producing the imprinted polymer particles. 



A common method of molecular imprinting is referred to as solution 
polymerization. This method results in the formation of imprinted sites that are 
completely encased within the polymer. In order to enable an access to those sites, the 
polymer monolith must be subjected to mechanically grinding to produce particles that 
have exposed sites. Grinding produces irregularly shaped particles and typically only less 
than 50 percent (50%) of the ground polymer is recovered as useable particles with size 
less than 25 urn. Irregular particles generally give less efficient devices mainly because 
of the deformation of a large number of the binding sites. As a result, damage to the sues 
adversely affects their selectivity and activity. An alternative method to increase 
accessibility to the imprinted sites is by the use of porogen compounds which are known 
to generate foam-like polymer structures when combined with polymer forming 
materials. Porogens, which are typically inert solvents, are mixed with the polymerizable 
monomers during the imprinting process and are washed away after polymerization is 
complete. This creates large pores that allow access to the created binding sites. 
However, while the porogens are removed, some of the structural integrity of the polymer 
can be lost at the same time, leading to the deformation of the sites and loss in specificity 
and activity. 

Another alternative for molecular imprinting is by direct polymerization of 
particles in liquid media. Surfactants are used to create molecular microstores, such 
as micelles or reverse micelles. Then, inorganic or organic monomers are polymerized 
around those molecular microstructures at the surfactant-solvent interface to form 
polymer beads, dispersed in the liquid media to prevent agglomeration. The size and 
shape of the formed beads highly depend on the chemistry of the mixture and reaction 
conditions, such as temperature and stirring. When the surfactant is removed, the 
remaining material has a size and shape complementary to the size and shape of the 
initial molecular microstructures. By controlling variables such as surfactant selection 
and concentration, a variety of different microstructure shapes such as micellar, cub.c, 
tetragonal, lamellar, tubular and reverse micellar can be formed. Consequently, 
monodisperse particles of a variety of different sizes and porous materials with a variety 
of different shapes of pores and channels can be created. Methods of making porous 
material are described, for example, in the following patents each of which are 



incorporated herein by reference: U.S. Pa.. No. 5,250,282 ,o Kresge et al; U.S. Pat. No. 

5 304 363 to Beck e. al; U.S. Pat. No. 5,321,102 to Loy et al; U.S. Pat. No. 5,538,710 to 

Quo e, al; U.S. Pat. No. 5,622,684 to Pennavaia e. al; U.S. Pa.. No. 5,750,085 to Yamada. 
Molecular imprinting by direc. polymerization of particles in liquid med.a .s more 

advantageous, bu. still has limitations dne to the liquid media needed to disperse parocles 
,„ prevent particles agglomeration. Therefore, after polymerization, particles need .0 be 
separated from .he liquid media for further use, which is not an easy task, espec.ally for 
small particles. While in many applications, imprinted polymers should be deposded on 
the special surfaces, such as in chemical and biological sensors, and in chromatography 
, and filtration devices. Deposition of the imprinted polymer material and adherence on 

the surface remains a big problem. 

U S Patent 5,587,273 to Yan et al., which is herein incorporated by reference, 
describes a way of molecular imprinting of polymer film directly on the surface of 
sensor. The invention describes molecularly imprinted substrate and sensors employing 
5 the imprinted substrate for detecting the presence or absence of analytes. One 

embodiment of the invention comprises first forming a solution comprising a solvent and 
(a) a polymeric material capable of undergoing an addition reaction with a mtrene, (b) a 
crosslinking agent (c) a functionalizing monomer and (d) an imprinting molecule. A 
silicon wafer is then spin coated with the solution. The solvent is evaporated to torm a 
>0 film on the silicon wafer. The film is exposed to an energy source to crosslink the 

substrate, and the imprinting molecule is then extracted from the film. Described method 
is an advance in deposition of imprinted polymers to the sensing surfaces. But there ,s no 
solution disclosed in the literature for imprinting of polymer particles directly on the 
surfaces of devices. Prior researchers have focussed on the preparation of imprinted 
25 particles, but not on attachment of the particles to the surfaces of device, and it would be 
advantageous to have a methodology which allowed direct attachment of imprinted 

particles to substrate surfaces. 

Aerosol and vapor technology has been used for many industrial and mediemal 
applications which utilize particles. An aerosol is a two-phase system consisting of a 
30 gaseous continuous phase and a discontinuous phase of individual parttcles. The 

individual particles in an aerosol can be solids or liquids (Swift, D. L. (1985), "Aerosol 
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characterization and generation," in Aerosols in Medicine Principles, Diagnosis and 
Therapy (Moren, F. et al. eds) 53-75). Supercritical fluids have been used in the 
production of aerosols for precipitation of fine solid particles. The phenomenon was first 
observed and documented as early as 1879 and was described the precipitation of solids 
from supercritical fluids (Hannay, J. B. and Hogarth, J., On the Solubility of Solids in 
Gases, Proc. Roy. Soc. London, 1879, A29, 324). The sudden reduction in pressure 
reduces the solvent power of the supercritical fluid, causing precipitation of the solute as 
fine particles. This phenomenon has been exploited in many processes for producing fine 
particles, using co-solvents (Sievers, et al. PCT Publication WO 9317665 published Sep. 
16, 1993, Donsi, G. and Reverchon, E. (1991), "Micronization by Means of Supercritical 
Fluids: Possibility of Application to Pharmaceutical Field," Pharm. Acta Helv. 66:170- 
173), anti-solvents (Debenedetti, P. G., et al. (1993), "Application of supercritical fluids 
for the production of sustained delivery devices," J. Controlled Release 24:27-44, PCT 
Publication WO 90/03782 of The Upjohn Company for "Finely Divided Solid Crystalline 
Powders via Precipitation Into an Anti-Solvent", Yeo, S-D, et al. (1993), "Formation of 
Microparticulate Protein Powders Using a Supercritical Fluid Antisolvent," 
Biotechnology and Bioengineering 41:341-346), as well as pure supercritical solvents 
(Mohamed, R. S., et al. (1988), "Solids Formation After the Expansion of Supercritical 
Mixtures," in Supercritical Fluid Science and Technology, Johnston, K. P. and Penninger, 
J M L., eds., Tom, J. W. and Debenedetti, P. B. (1991), "Particle Formation with 
Supercritical Fluids-a Review," J. Aerosol. Sci. 22:555-584, Smith U.S. Pat. No. 
4 582 731 for "Supercritical Fluid Molecular Spray Film Deposition and Powder 
Formation,- issued Apr. 15, 1986, and Smith U.S. Pat. No. 4,734,451 for "Supercritical 
Fluid Molecular Spray Thin Films and Fine Powders). In the processes described, fine 
25 aerosols comprising the desired substance are formed by mixing a nongaseous 

pressurized or/and supercritical fluid(s) with the desired substance, which is present in a 
solution, dispersion, suspension, micellar system or emulsion. During rapid reduction of 
the pressure on composition the pressurized/supercritical fluids form a gas and a gas- 
borne dispersion of fine particles, liquid or solid. 

There are many acronyms associated with those processes, including RESS, GAS 
or SAS, SEDS, ASES, and PGSS (Jennifer Jung, Michel Perrut Particle design using 
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supercritical fluids: Literature and patent survey Journal of Supercritical Fluids 20 (2001) 
179-219). RESS refers to Rapid Expansion of Supercritical Solutions. This process 
contemplates dissolving the product in the fluid and rapidly depressurizing this solution 
through a nozzle, causing an extremely rapid nucleation of the product into a highly 
dispersed material. GAS or SAS is Gas (or Supercritical fluid) Anti-Solvent, one specific 
implementation being SEDS (Solution Enhanced Dispersion by Supercritical Fluids). The 
general concept contemplates decreasing the solvent power of a polar liquid solvent in 
which the substrate is dissolved, by saturating it with carbon dioxide in supercritical 
conditions, causing substrate precipitation or re-crystallization. ASES is used when 
micro- or nano-particles are expected. The process contemplates pulverizing a solution of 
the substrate(s) in an organic solvent into a vessel swept by a supercritical fluid. SEDS is 
a specific implementation of ASES wherein there is co-pulverizing of the substrate(s) 
solution and a stream of supercritical carbon dioxide through nozzles. PGSS stands for 
Particles from Gas-Saturated Solutions (or Suspensions). The process includes dissolving 
a supercritical fluid into a liquid substrate, or a solution of the substrate(s) in a solvent, or 
a suspension of the substrate(s) in a solvent followed by a rapid depressurization of this 
mixture through a nozzle causing the formation of solid particles or liquid droplets. 

Development of microspheres/capsules, containing a load of needed ingredient, is 
one of the most rapidly developing area in medicine, food industry, agrochemicals, 
cosmetics. Many efficient drugs have been reformulated to allow control of delivery 
location and rate, the active substance being distributed directly to the target to enhance 
the treatment efficiency and reduce the doses and related side effects. Some of the 
researchers classify particles/capsules smaller than 1 urn as nanoparticles and those larger 
than 1000 urn as macro-particles. Commercial particles/capsules typically have a 
diameter between 3 and 800 urn and contain 10-90 wt.% of carrier material. A wide 
range of materials have been embedded/encapsulated in microspheres/capsules, including 
adhesives, agrochemicals, live cells, active enzymes (W. Fischer, B. Muller, Patent EP 0 
322 687, 17 December, 1988; P. Debenedetti, J.W. Tom, S.D. Yeo, G.B. Lim, 
Application of Supercritical Fluids for the Production of Sustained Delivery Devices. 
Journal of Controlled Release, 24, 1993, 27-44; L. Frederiksen, K. Anton, B.J. Barrat, P. 
Van Hoogevest, H. Leuenberger. Proceedings of the 3 rd International Symposium on 



Supercritical Fluids; Tome 3; G. Brunner, M. Perrut (Ed,,, .SEN 2-905 * -23- 17-.9 
olber.Strasbourg, .994, 235-240; M. Hanna, P. Y* Paten. WO 95/0,22,, ,994; M. 
Hanna P York, Patent WO 96/00610, ,995; K. Mishima, S. Yamaguchi, H. Umemo.o, 
PatenUP 8-104830, 1996; P. Pallado, L. Benedetti, L- Callegaro, Paten, WO 96/29998, 
5 ,996 W Majewski, M. Perm,, Patent FR 99.12005, 27 September). Despite rhese 
advances, .here are few malerials which include an active agen. embedded or 
encapsulated in a earrier matrix (or otherwise associated with the matrix) which are 
specified designed for targeted delivery of the active agen, ,0 a particular sue. 1, would 
be advantageous for example, if a material were available where a drug or toxin were 
10 associated with a slow release matrix materia,, wherein the materia, could be targeted for 
delivery ,0 a tissue, organ o, other site of activity, and men have slow sustamed release a, 
targeted site. Prior to this invention, no such delivery materia, having each of these 

attributes existed. , 

There are several method of handling materials with solid state reacrtvtty to 
15 develop small parrieles of reacted solid materials. There is a need ,0 produce small 
panicles which retain reactivity in the solid state. Reprecipitation in liquid solvents ,s 
one of the techniques used (Application; JP 92-238160 . 9920907 to Kasai; OtkawaH; 
Oshikiri T; Kasai H; Okada S; Tripa.hy SK; Nakanishi H. Various types of 
polydiacetylene microcrystals fabricated by reprecipitation technique and some 
20 application, POLYMERS FOR ADVANCED TECHNOLOGIES 2000, Vo .1, Iss 8- 
,2 pp 783-790) The process is carried ou, by dissolving an organic material tn a solvent, 
adding poor so.vent, foUowed by crystallization or polymerization of the microtis 
,„ form particles. Adding 4-BCMU in E.OH solvents to water dropwise and irradtattng 
with high-pressure Hg lamp gave polydiacetylene particles showing avarage dtameter 
25 1 00-200 nm. The reprecipitation method is a useful technique to fabricate organtc 
mi crocrys,als such as polydiacetylene (PDA), low-moleculat-weigh, aromatte 
compounds, organic functional dyes that have features located in a mesoscoptc phase 
between a single molecule and bulk crystal, and organic microcrystals whtch are 
expected to exhibit peculiar optical and electronic properties. 
30 One known variation involves .crystallization in supercritical fluid by change of 

temperature and addition of antisolvents (Kasai, Hi.osht; Okazaki, Susumu; Okada, 
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Shuji; Oikawa, Hidetoshi; Adschiri, Tadafumi; Arai, Kunio; Nakanishi, Hachiro. 
Fabrication of organic microcrystals by supercritical fluid crystallization method and 
their optical properties. MCLCS&T, Sect. B: Nonlinear Opt. (2000), 24(1-2), 83-88; 
Komai, Y; Kasai, H; Hirakoso, H; Hakuta, Y; Okada, S; Oikawa, H; Adschiri, T; 
Inomata, H; Arai, K; Nakanishi, H. Section 3: Thin Films - Size and Form Control of 
Titanylphthalocyanine Microcrystals by Supercritical Fluid Crystallization Method. 
Molecular Crystals and Liquid Crystals, 1998, v.322, p.167. dp). This method involves 
the use of solvents which makes the particles thus produced only accessible in or subject 
to the solvent as an impurity. It would be advantageous to have particles and particle 
producing methods where both agglomeration and solvent impurities are completely 
avoided. 



SUMMARY OF THE INVENTION 

It is an object of the invention to provide an improved method of fabricating 
molecularly imprinted polymeric particles which can selectively bind specific compounds 

or classes of compounds. 

It is another object of the invention to provide polymeric particles which are 
molecularly imprinted, and which are capable of substantially improved performance 
over prior art materials made by different methodologies. 

It is yet another object of the invention to provide devices which are used for 
highly selective binding of molecules or classes of molecules, which are coated with 
molecularly imprinted polymeric materials, such as for example SAW devices and other 
sensors, chromatography devices and filters, and purification devices of all types (e.g., 

cigarette filters, water filters, etc.). 

It is still another object of the invention to provide a new and improved method of 
making micron and less than micron sized particles from compounds that have solid-state 
reactivity, with or without molecular imprinting. 

According to the invention, particles are created from a mixture of propellant and 
) desired substance which is present in the form of solution, dispersion, suspension, 
micellar system or emulsion; which comprises at least one polymerizable monomer. A 
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"propellant" is a compressed gas or mixture under elevated pressure, where at least one 
of the components of the mixture may be a supercritical fluid, and, while expanded, 
propellant dispenses the contents of the mixture to form particles. The term "particle" as 
used herein refers to both solid particles and liquid droplets. As the mixture passes 
through a capillary nozzle or other orifice, the mixture undergoes fast expansion so as to 
create fine particles of the mixture, containing monomer, that are preferably less than 
100 microns in size, and most preferably less than 50 microns in size. In one 
embodiment, the particles include polymerizable monomers with or without cross-linking 
agents, and an initiating species (e.g., activators which initiate polymerization or cross- 
Unking (or both processes)). In another embodiment, the monomers themselves exhibit 
solid-state reactivity, meaning that they change from a solid monomer to a solid polymer 
without a change of the material physical state. This second embodiment can be used to 
make particles of substantially uniform, small size, which can be molecularly imprinted 
or not be molecularly imprinted, and constitutes a new manner of handling materials with 
solid state reactivity. These particles are advantageous in that they are not agglomerated, 
and do not require a solvent. In addition, they are stable for long periods of time (e.g., 1- 
10 years) and can be selectively polymerized at any desired time. The particles formed 
from solid state reactivity monomers can have wide ranging applications including in the 
formation of coatings on surfaces and in optical data storage. 

For molecular imprinting, in either embodiment, a template can be combined with 
the mixture either before expansion or after particle formation. A template is used for 
imprinting the polymeric material, and can be any molecule which is selectively 
releasable from a polymer formed from the monomers in the particle. In many 
applications, it is preferable that the template does not covalently bond to the polymer 
which is formed. However, in some applications, the template may be released by 
hydrolyzing bonds or changing the ionic attraction between a template molecule and the 
polymer matrix. In molecular imprinting, the template needs to be extracted from the 
polymer particle after polymerization of the monomer or monomer mixture in the 
particle formed by expansion. The template can be a chemical or biological compound or 
substrate (a portion of a biological or chemical compound, or a biological entity). The 
choice of template will depend on the application planned for the molecularly imprinted 
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polymer particle. Specifically, the template may be a compound (e.g., toxin, carcinogen, 
or any compound of interest, etc.) that one would like to sense in a gaseous or fluid 
environment, or a compound which is to be removed from a gaseous or fluid environment 
by selective binding to the molecular imprint site such as by a filter or other separation 
device. The invention may also have application in biology or biotechnology. In some 
cases antigens or enzymes of interest could serve as the template molecule, and then the 
imprinted polymer particles would be able to selectively bind the specific biological 
entities. Otherwise, the molecular imprinting can produce the artificial enzymes and 
antibodies. 

However, it should be understood that the imprint can be designed to selectively 
bind, sorb, or otherwise associate with more than a single compound, which served as the 
template compound. Specifically, the imprinting process may allow the tnolecularly 
imprinted polymer particle to bind any molecule that has a size (spatial size) and/or 
arrangement of chemical functional groups which is substantially the same as said 
template. This should be especially useful in the preparation of imprinted polymer 
particles that may be used, for example, in detection or sorption of chemical and 
biological warfare agents. Specifically, compounds, which have a size and arrangement 
of chemical functional groups that are similar to nerve gas agents, or other chemical 
weapons, but which are not themselves potent substances, may be used to molecularly 
imprint polymer materials that can then be used to bind, sorb or otherwise associate with 
the dangerous substances. In this way, the molecularly imprinted materials might be 
fabricated in a manner which would be more safe than working with the dangerous 

substances themselves. 

If the template is added to the mixture prior to expansion, the distribution of the 
imprinted sites within the polymer particles is virtually assured. This is because the 
propellant will solubilize and/or disperse both the matrix forming compounds (i.e. the 
monomers) and the template to form a homogenous mixture, and after the expansion the 
particles are formed that contain matrix compounds and template evenly dispersed 
therein. 

If the template is added to the mixture after expansion, the template must be 
diffused into the particles. This can be done in either the gas or liquid phase using a 
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suitable carrier. Even distribution of the imprinted sites on the surface of the polymer 
particles may be achieved using this technique because particles are formed with 
substantially uniform surface representation. The imprinted sites are readily accessible, 
as the particles surfaces are exposed to the analyte. 
5 The propellant in the mixture being expanded can be 20-99.99% by weight of the 

entire mixture to be expanded. The mixture, containing at least one monomer, be they 
monomers having a solid state reactivity, or a mixture of monomers, crosslinks and 
initiators, can be 80-0.01% by weight of the entire mixture. If the template is added to 
the mixture to be expanded, the template can comprise 1-30.00% by weight of the 
10 mixture. 

This is the first time it has been shown that propellant can be effectively used as a 
solvent or distribution agent in the formation of molecular imprinting in micron and 
submicron sized particles. In particular, it is the first time that a propellant has been used 
for development of micron and submicron sized particles from materials with solid state 
15 reactivity. The propellant is maintained in a fluid state under pressure, but, when pressure 
is relieved, it instantly transitions to a gaseous state. This allows the propellant to be 
immediately separated from the monomers that will ultimately form the polymer particle 
not containing impurities due to the propellant. The propellant may advantageously be a 
supercritical fluid or may include as at least one component a supercritical fluid. The 
20 supercritical fluid can solubilize the monomers in the mixture which is to be expanded, 
and then, after expansion, will leave the particles thus formed as a gas. Examples of 
propellants which can be used in the practice of this invention include, but not limited to, 
chlorofluorocarbons (freons), hydrofluorocarbons, alkanes, alkenes, noble gases (e.g., 
helium and argon), nitrogen, sulfur hexafluoride, fluorocarbons, nitrous oxide, hydrogen, 
25 ammonia, carbon monoxide and carbon dioxide. 

The ratio of the propellant and monomers in the mixture to be expanded can be 
adjusted to achieve the formation of particles of varying sizes. Likewise, the nozzle 
onening can be adjusted to control particle size. The choice of system pressure and 
temperature can be experimentally optimized and depends on the type of materials to be 
30 expanded, monomers, and propellant. The propellant could also be a mixture of more 
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than one material. For example, two different gases might be used, or a supercritical 
fluid and another compound might be used. 

A particularly advantageous aspect of this invention is to produce the molecularly 
imprinted particles or simply the small particles formed from materials of solid-state 
5 reactivity Particles formed by expansion of a mixture containing propellan, and sohd 
state reactivity monomers will no. agglomerate, and will be free of solvent, and are stable 
for long periods of time (1-10 years). These particles can be polymerized tnto sohd 
particles without a change in the physical state of the material. Thus, these particles may 
deposited onto surfaces where desired (e.g., on sensors, optical devices), at a destred 
,0 time and be selectively polymerized at any time after formation of the part.cle. 

' A two step polymerization can be performed in one embodiment of this invenhon 
which is particularly advantageous for securing imprinted or non-imprinted parttoles 
directly on the surface of a substrate. In the fust step, a stream of particles emanattng at 
the site of expansion is subjected to an energy source sufficient to cause an tmttal 
15 polymerization of the monomer while particles are in flight towards a deposition surface 
or other collection location. This can be performed by radtan. energy, such as ultravtolet, 
gamma radiation, infrared radiation, intense light in the visible spectrunt, etc. 
Alternatively, heat can be used for specific monomers. The purpose of the tntttal 
polymerization is to allow some of the polymerization or crosslinking to begtn. It ,s 
20 preferable that the initial polymerization is sufficient to make the parades more viscous 
such that there physical morphology begins to be established. The amount of energy 
applied will depend on the materials in the composite particle containing monomers and 
template, the size of the particle, whether or not initiators are present in the parttcle, the 
time of flight, and other factors. In the second step, the particles (which are now parhally 
25 polymerized particles containing template material) are deposited onto a surface of the 
support such as a SAW device, chromotography support, or filter, where they are 
subjected to more energy (e.g., heat or radian, energy) to fully polymerize the parttcle 
matrix direCly on .he surface of .he support. This allows the particle .0 mechamcally 
and/or chemically adhere to .he surface of .he support without having significant changes 
in its motphology of the particle. Specifically, the outer surface is fairly solidified m the 
initial polymerization, however, upon deposition onto a support, a portion of the parbc.e 
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containing monomers would then be polymerizable in the final polymerization step. This 
monomeric portion may also be selected to chemically interact with functional groups on 
the support surface. Alternatively, the impact onto the support surface will wedge some 
of the monomers into cavities and depressions on the surface, whereupon the final 
polymerization step will assure a mechanical bond of the polymer particle within these 
cavities and depressions on the surface of the support. Thus, the polymeric particles of 
this invention are chemically or mechanically attached to the substrate without using an 
adhering agent or requiring a separate step to achieve good adherence. At the same time 
the method enables uniform distribution of particles on the support surface. 

Alternatively, the particles could simply be collected in a collection container and 
subjected to the energy sufficient to fully polymerize or "cure" the particles. 

The procedure assures that the imprinted small particles of substantially uniform 
size are formed. The invented procedures of molecular imprinting of polymer particles 
avoid deformation of the imprint sites by excluding grinding and solvent separation, 
enables uniform distribution of the imprinted sites, and increases their accessibility to 
analyte. After formation of the polymeric particles, the template compound is extracted 
by exposing the polymer particles to excess propellant/other supercritical fluid, or by any 
other means suitable for displacing the template from the polymeric particle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, aspects and advantages will be better understood 
from the following detailed description of the preferred embodiments of the invention 
with reference to the drawings, in which: 

Figure 1 is a schematic view of an apparatus used for making micron and sub- 
micron particles, and which is the preferred apparatus configuration for making 
molecularly imprinted particles according to this invention; 

Figure 2 is a graph showing the change in sensitivity of DSP polymer to alkanes 

after imprinting by heptane; 

Figure 3 is a graph showing the change in sensitivity of EPA polymer to alkanes 

after imprinting by heptane; 
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Figure 4 is a schematic diagram of a system for depositing thin coatings of 
particles on substrates which employs a movable stage; and 

Figure 5 is a schematic diagram showing the relationship of the nozzle in Figure 4 

to the substrate. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS OF THE INVENTION 

With reference to Figure 1, in the practice of this invention, a mixture 10 
10 containing at least one monomer and propellant is prepared. This mixture 10 can be 
prepared in a tank 12 or other storage device, or can be simply the intersection of a 
plurality of feed lines (not shown) for monomer, propellant, and template. 

The "monomers" which can be used in the practice of this invention, are wide 
ranging. In one type of mixture, the monomers can include a mixture of one or more of 
1 5 the following: functional monomers, cross-linking agents, and initiators which initiate 
polymerization (e.g., photoinitiators). Examples of functional monomers include acrylic 
acids, acrylamides, vinylbenzoic acids, acrylamino-sulfonic acids, amino- 
metacrylamides, vinylpyridines, vinylimidazoles, vinyl-iminodiacetic acids, etc. The 
monomers that can be used in the practice of this invention can be of the variety that 
20 undergo polymerization reaction by any known mechanism, such as, cross-linking, 
polycondensation, or additive polymerization, as well as combination of above. 

A wide variety of different crosslinkers may be used in the practice of this 
invention, including, but not limited to, ethylene glycol dimethacrylate (radical 
initiation), trimethylolpropane trimethacrylate (radical initiation), divinylbenzene (radical 
25 initiation), silane based crosslinkers (initiated by water), etc. 

Initiators or other agents, which initiate polymerization and can be used in the 
practice are also wide ranging. In many applications, a photo-initiator will be 
advantageously employed. For example, light, UV energy, or some other source of 
radiant energy can be used to selectively activate the photo-initiator, which will then 
30 cause polymerization of the monomers to occur. 
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In one embodiment of this invention, monomers with a reactivity in the solid state 
are used to prepare small particles of less than 100 microns, and most preferably particles 
of a uniform small size less than 50 microns in diameter (in some applications particles 
having diameters ranging from 10 nm to 1 micron in size can be prepared). The solid 
state reactivity of specific organic and inorganic molecules has been known since 1916. 
Reactant materials of solid state reactivity, including solid state polymerization, can be 
low and high molecular weight substances (polymers, oligomers, monomers) with 
different physical properties. One embodiment of this invention involves small particles 
from materials exhibiting solid state reactivity that can then undergo solid state chemical 
reaction in order to form materials with desired properties, including those with 
properties different from the bulk material due to size reduction. Recently, small 
particles/microcrystals from materials with solid state reactivity have attracted much of 
attention due to the possible unique changes of properties due to the material size 
reduction. Examples of materials with known solid state reactivity include vinyl stearate 
(reaction initiated by gamma ray or electron beam), vinyl acetate (reaction initiated by 
gamma ray), isoprene (reaction initiated by gamma ray), vinyl octacecyl ether (reaction 
initiated by gamma ray), methacrylic acid (reaction initiated by ultraviolet (UV) or 
gamma radiation), trioxane (reaction initiated by ring opening of BF 3 (C 2 H 5 )20), 
diacetylenes (reaction initiated by heat or UV light), and diolefmic compounds, 
containing two double bonds, such as, 2,5-distrylpyrazine (DSP) (reaction initiated by 
UV, gamma rays, and visible light), 2,2'-(2,2-p-phenylene-divinyl)-bis-pyridine 
(reaction initiated by UV light), diethyl p-phenylenediacrylate (reaction initiated by UV 
light), dimethyl p-phenylenediacrylate (reaction initiated by UV light). The common 
formula of diacetylenes is as follows: 



Common formula 

R-C5C-C2C-R 
Where the examples of R can be: 
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The common formula of diolefinic compounds is: 



A — X = B 

where, 

A - is an atom or chemical group 
B - is an atom or chemical group 
X- is a chemical group. 

An important feature of this invention is that fine aerosols comprising the desired 
substance are formed by mixing a propellant with the desired substance, which can be 
present in a different state, such as, a solution, dispersion, suspension, micellar system or 
emulsion. The propellant may contain co-solvent, surfactants, antisolvents, and other 
chemical constituents. In a preferred embodiment, the propellant may include, for 
example, chlorofluorocarbons (freons), hydrofluorocarbons, alkanes, alkenes, noble gases 
(e.g., helium and argon), hydrogen, fluorocarbons, nitrous oxide, ammonia, carbon 
monoxide and carbon dioxide. At least one of the components of the propellant can be 
supercritical fluid. Supercritical fluids are generally gases at atmospheric pressure, but 
above their critical pressure and temperature assume a liquid-like density and solvent 
power, combined with the advantages of gas-like viscosity and compressibility. During 
rapid reduction of the pressure on mixture 10 by discharge through a nozzle or orifice 14 
into a chamber 16, at least one of the components of the propellant forms a gas and a 
gas-borne dispersion of fine particles from the desired mixture (a particle flow 18) is 
discharged in chamber 16. The formed particles can be both liquid or solid. The chief 
requirement is that a uniform distribution of monomers and, template if included, is 
achieved with the propellant, and upon discharge through a nozzle 14, the propellant 
leaves its association in the mixture in a gas form to produce a particle flow 18 in 
chamber 16. The propellant can be vented from the chamber 16, or, it can be captured 
and recycled from the chamber 16 to the tank 12 using a pump. 

An important feature of this invention is that monomers can be solubilized in 
propellant to make mixtures capable of expansion by discharge through a nozzle or 
orifice 14 into a chamber 16. In this way, the propellant is used to make a mixture 10 
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,ha. can be segregated into many particles that are emanating from the nozzle or onfice 
,4 The propellant may contain co-solvent, surfactants, antisolvents, and other chemtcal 
constituents. In a preferred embodiment, the propellant may include, for example, 
ehlorofluoroearbons (fteons), hydrofluoroearbons, alkanes, alkcnes, noble gases (e.g., 
5 helium and argon), hydrogen, fluoroearbons, nitrous oxide, ammonia, carbon monoxtde 
and carbon dioxide. Supercritical fluids are generally gases at atmospheric pressure, but 
above their critical pressure and temperature assume a liquid-like density and solvent 
power combined with the advantages of gas-like viscosity and cornpressibthty. The 
propellant in this invention could contain a. leas, one supercritical fluid, alone o, m 
,0 combination with a gas or outer liquid. In addition, the propellan, could include other 
materials, which will soluhilize monomers used in the practice of this inventton. The 
chief requtremen. is that a uniform distribution of monomers and, template, if tncluded, ,s 
achieved with the propellant, and upon discharge through a nozzle 14, the propellant 
leaves its association in the mixture in a gas form to produce a partiele flow 1 8 tn 
,5 chamber 16. Specifically, as the mixture 10 is expanded through the nozzle due to entry 
of the mixture into a lower pressure environment, all of the gaseous components 
immediately leave the mixture, leaving only the non-gaseous matrix forming components 
in the form of small particles. The propellan. can be vented from .he chamber 16, or, 
can be eapturcd and recyeled from the chamber 16 to .he tank 12 using a pump. 
20 This technique of particle formation, particularly, when supercritical flmds are 

utilized in the propellan,, is based on the tremendous solubility change tha, occurs dunng 
,he sudden decompression of a supercritical solution containing a nonvola.de solute by 
means of an expansion device, such as an orifice or capillary nozzle. The htgh 
superannuation during fluid expansion results in the nuclea.ion and growth of solute 
25 panicles with mean size tanging from nanometers to tens of microns. The stze and 

morphology of precipitates is con.rol.ed by tuning the supercritical solutton parameters 
(concentration of solute, pre-expansion temperature and pressure) as well as the geometry 

of the expansion device. 

The propellant may comprise 20-99.99% by weight of the mixture, and the 
30 monomers and other constituents may comprise 80-0.01% by weigh, of the mixture In 
app.ica.ions of this invention, the template molecule can be added to the mixture .0 ,„ 
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Uric 12 or can be added to the chamber 14 for diffusion into the particle How 16. If 
added .0 the mixture .0, the template molecule can comprise 1-30% by weigh, of the 
mixture The size of the particles in the particle flow can be controlled by adjusttng the 
ratio of propcllant in the mixture, by choice of nozzle or orifice 14, and by the chotce of 
monomers used in the matrix. The choice of system pressure and temperature are 
experimentally optimized and depends on the type of materials to be expanded, 
monomers, and propellanl. In certain applications of this invention, particles smaller 
than 1 micron in size, which are imprinted with a template, can be produced. 

In molecular imprinting, the template can be a chemical or biological compound 
or substrate (a portion of a biological or chemical compound, or a biological entity). 
Chemical compounds having a molecular weigh, ranging from 10 to 1,000,000 can be 
used in .he practice of this invention. The choice of chemical compounds is wide rangtng 
and can include, carbohydrates, halogenated compounds, alcohols, ethers, esters, ammes, 
aldehydes, ketones, carboxylic acids, amides, oligosaccharides, polysaccharides, 
antigens transition state analog (chemically stable compound and structurally rs very 
similar to the transition state formed during an enzymatic conversion of compound bemg 
catalyzed) steroids, nucleotides, nucleosides, oligonucleotides, polyanions, drugs, toxtc 
industrial marerials, chemical warfare agents, or chemical agen, simulanls, insecttcdes, 
pesticides, and fungicides. The template can be selected from drugs such as antioxtdan.s, 
chemo.herapeu.ic agenls, steroids, hormones, antibiotics, antiviral agents, anttfungals, 
antiproliferative agents, and antihistamines. Examples of proteins which could be used as 
templates include nutrient protein, a storage protein, a contractile or motile pro.etn, a 
structural protein, a defense protein, regulatory proteins (e.g., enzymes). Examples of 
chemical warfare agents which may act as templates include nerve agents, such as Sartn 
(OB) Soman (GD), Tabun (GA), OF, TOD, VX; blister agents, such as mustard (HD), 
lewisite (L), HN-1, HN-2, and HN-3; and agent mixtures, such as HL and HT. Examples 
of chemical agent simulants which may be used as templates include methyl salicylate, 
dimethyl methyl-phosphona.e, and diethyl malonate, diphenyl diphosphate , 2- 
chlorethyl phenylsulf.de, and O-ethyl-S-elhyl phenylphosphonoUtioa.e. Examples of 
, svbs.ra.es which may be used as a lempla.e in the praclice of .his inven.ion include cells 
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(living or nonliving), DNA, proteins, enzymes, viruses, bacteria, nucleic acids, peptides, 
vitamins, drugs, pollen, and mold. 

The template used for molecular imprinting will often be the analyte that is 
intended to be bound by imprinted polymer. For example, in preparing a 
chromotography device or filter, the molecularly imprinted polymeric particles of this 
invention might be intended to bind a particular enzyme or insecticide in a solution under 
test (i.e., the enzyme or insecticide is the analyte in the chromatographic separation or 
filtration). In these cases, the template used to prepare the molecularly imprinted 
polymeric particles often will be the enzyme or insecticide. However, in some situations, 
it- will be advantageous to have the template and analyte be different from one another. 
This allows using more useful or less hazardous templates instead of uncomfortable ones 
to prepare a molecularly imprinted polymer sensitive to, for example, a hazardous 
analyte. In this situation, there is a need to have a similarity between the template and 
analyte in molecular structure, such as geometric size and shape and/or location 
functional groups. This is described in U.S. Patent 5,801,221 to Tanaka, which is herem 
incorporated by reference, where it is explained that a template is the target molecule or a 
structural analog of the target molecule. Examples can be found in the scientific 
literature, describing cases where an analyte, different from the template, exhibited 
greater affinity to the template-imprinted polymer [Dickert F.L. et al ,Molecularly 
imprinted sensor layers for the detection of polycyclic aromatic hydrocarbons in water, 
Anal Chem. 1999, 71 (20), 4559-4563 ]. This was believed to be due to the changes of 
cavities followed by the removal of the template. We show in the Examples below that 
heptane-imprinted DSP and EPA polymers exhibited higher affinity to the smaller in s,ze 
molecules, such as hexane and pentane, as well as to the template molecule - heptane. 
This same concept can be extended to more hazardous materials as described above. 

The configuration shown in Figure 1 is designed to provide sufficient energy for 
an initial polymerization of the particles in the particle flow 18. During this stage, the 
monomers begin to polymerize and the particles become more viscous. This can be 
accomplished by having the particles pass through a region where they are exposed to an 
, energy source sufficient to initiate polymerization. Figure 1 shows this as UV region 20, 
however, it should be understood that other forms of radiant energy could be applied in 
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the top portion of the chamber 16, including gamma radiation, electron beam, vmble 
Ugh. and X-ray, Furthermore, heat energy could be applied. The type of energy mpu. 
fe, the initial polymerization will depend on the monomer materials being polymenzed. 
Finally a second polymerization, fully polymerizes or "cures" the particles when .hey 
re ach .he co.lec.or 22. Examples of collect include flasks, lubes, filter surfaces, .he 
surface of a SAW device, etc. Again, .his second polymerization is accomplished us.ng a 
source of energy such as hea. or radian, energy. The chamber ,6 could be filled with air 
or an inert gas, such as nitrogen, bu. also could include only .he propellan, used ,n .he 



mixture 10. 



The .wo part polymerization process is especially useful when .he particles are to 
be adhered .0 .he surface of a support, such as a sensor or other device. In the uutia. 
polymerization, .he particles are "formed" and partially solidified wi<h tine .empla.e m 
place This creates .he particle wi.h .he templale .0 be imprin.ed. The second 
polymerization affixes .he particle .0 a device surface. This is accomplished ei.her by 
having functional groups of .he monomers in .he particle chemically bond with functional 
groups on .he support surface, and/or by having .he monomers a. the base of .he part.cle 
which rests on .he subs.ra,e surface pe„e,ra.e in.o depressions in .he surface of .he 
support and polymerize therein .0 form a mechanical bond wi.h .he subs.ra.e. Th.s 
method of particles polymerization on .he surface of device is a significant advance over 
3 other molecular imprinting techniques. 

Firs, the surface of a support is uniformly coaled with particles, due .0 .he 
propellan.-driven particle s.ream 1 8. Second, .he molecular imprinting is no, subject .0 
dis.ortion or deformation (i.e., the imprin.ed sites for bonding with analyte are 
undisturbed). Third, there no additional bonding compounds are needed ,0 affix tire 
.5 imprinted particles .0 tine surface (.his avoids ma«erial changes .0 .he particles, avo.ds 
exira steps in production of sensors and o.her devices, and avoids faults in .he 
performance of devices due .0 tine bonding compound interference with the real s.gnal, 
d-.ec.ed upon bonding of analyle .0 .he imprinted particles). Another important 
advantage of tine described .echnique is .he patterned deposition of imprin.ed polymer 
30 particles over .he surface of device, such as a biological or chemical sensor, by s.mple 
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use of a temporary mask covering specific areas to be left uncoated. In this way, 
imprinted particles can be adhered only to desired surface areas. 

The surfaces on which deposition of particles (which are molecularly imprinted or 
not imprinted) can be a wide variety of materials. They may be conductive, non- 
conductive, semiconductive (e.g., silicon or gallium arsenide), piezoelectric, magnetic or 
non-magnetic, quartz, glass, metal, polymer, ceramic, zinc oxide, lithium neobate, etc. In 
addition, the substrate could be porous or non-porous. For example, in a filter, the fibrils 
of the filter could be coated with molecularly imprinted polymer particles such that a 
medium being filtered (e.g., water) could pass through the fibrils, and analytes in the 
medium could bind at any number of molecularly imprinted particles. 

After the particles are cured, the template is removed. This can be accomplished 
by exposing the particles to excess propellant or other agents which can displace the 
template from the site of imprinting in the polymer particle. Supercritical fluid also can 
be used for template extraction. If the template is bonded to the polymer by chemical 
bonds, ionic attraction, etc. the chemical bonds can be cleaved by any suitable technique 
(e.g., hydrolysis). In many applications, it will be advantageous to use a template which 
does not form covalent bonds with the monomers used to create the polymer particle. 
This makes extraction proceed by less disruptive measures such as simple displacement. 

While Figure 1 shows a system whereby polymerization occurs in two steps, it 
should be understood that polymerization can occur in a single-step polymerization. For 
example, if molecularly imprinted particles are desired, which are not to be attached to a 
substrate surface, one might simply polymerize the particles fully as they emerge from 
the nozzle 14 and collect them in collector 22. 

The preferred embodiment for molecular imprinting of particles can be 
summarized as a three step process set forth below: 



Step 1 
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Form a mixture containing at least one monomer able to undergo the 
polymerization or cross-linking and the propellant (20-99.99 wt%) under elevated 
pressure, at least exceeding atmospheric. The given mixture is then subjected to fast 
expansion by lowering the pressure to result in formation of small particles in a S1 ze 
5 range of 10 nm - 50 urn containing all the non-gaseous components of the mixture. Such 
expansion can be achieved by either the passage through the local narrow short orifice or 
long capillary, or by fast changing the vessel volume. 

An obligatory component for molecular imprinting is the introduction of the 
template to the particles. Template can be present initially as one of the mixture 
10 components in this step 1 and therefore, is included in the particle after the particles 

formation. Otherwise the template is added after the particle formation by a diffusion of 
the template either from the gas or from the liquid phase. 

In the case where the monomer has solid-state reactivity, the highly crystalline 
monomer can go through an amorphous state due to the fast expansion and/or due to the 
15 presence of other polymer components preventing crystallization. Then, there is a 
transition of the monomer from amorphous to a crystalline state during molecular 
imprinting. The transition from the amorphous to the crystalline state can be achieved by 
the exposure to the chemical or by temperature change. 

20 Step 2 

Polymerize at least the monomer part of the particle composition by any suitable 
methodology ( e.g., polymerization, cross-linking, or polycondensation) in the presence 
of the template without a physical distortion of the particle morphology. 
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Step 3 



30 



- Remove the template from the particles by the evaporation, dissolving, or 
extraction without a distortion of particle morphologies. The template can be evaporated 
from the particles by purging with inert gas having smaller molecules than the template 
molecule over the particle, Removal of the template also can be achieved by exposing 
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imprinted particles to a liquid, subcritical or supercritical solvent that selectively extract 
only the template with or without additional heat. 

As discussed above, the particles produced by the molecular imprinting method 
show higher affinity to an analyte which is the same or similar to the template in size and 
structure (configuration of functional groups) than those particles of similar composition 
without the introduction of template. Examples 1 and 2 show the preparation of 
molecularly imprinted DSP and EPA particles according to this invention. These 
examples demonstrate that the molecularly imprinted particles are selective for analytes 
of interest, and can be used as to separate, filter, analyze, purify, or otherwise act on an 
analyte of interest. Furthermore, as discussed above, Examples 1 and 2 demonstrate that 
the template can be used to produce particles which selectively bind analytes which are 
not identical (note the selectivity for n-hexane when n-heptane was used as the template). 
What is required, is to have size (spatial size) and/or structural similarity (note that DSP 
and EPA particles molecularly imprinted with n-heptane were not selective for iso- 
octane-while iso-octane has the same number of carbon atoms, but is not of the same 
spatial size and it does not have a similar structure of chemical functional groups). 

This invention also has application in making very thin, patterned or unpatterned 
coatings on substrate surfaces. The methods used in Examples 1, 2 and 5 illustrate 
methodologies whereby uniform thickness coatings of molecularly imprinted particles 
can be obtained on a surfaces of different supports of interest. Figure 4 is a schematic 
drawing of an apparatus used to deposit particles on a substrate surface. A movable stage 
28 has a substrate 30 positioned thereon. The coating apparatus 32, which is substantially 
as described in conjunction with Figure 1, has a nozzle 34 directed at the movable stage 
28. The combination of a propellant assisted coating process, as described in conjunction 
with Figure 1, and a moving stage 28, allows for a unique way of controlling the substrate 
to be coated in a well defined position relative to the nozzle 34 and the formation of 
precision thin coatings, including thin coatings which can be used on small parts (e.g., the 
process would allow the creation of a semiconductor chip separation devices wherein a 
channel could be selectively coated with particles of interest, including those with 
molecular imprinting having specific selectivity to analyte). Examples 1 and 2 clearly 
demonstrate compatibility of developed coatings with micro fabricated devices such as 
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SAW devices, while the particle size is smaller than spacing between interdigital 
electrodes. Other microfabricated devices can be selected from acoustical devices 
(thickness shear mode(TSM), surface acoustic wave (SAW), acoustic plate mode (APM), 
flexural plate-wave (FPW)), optical sensing devices, such as surface plasmon resonance 
(SPR), capacitance, impedance measuring devices. The solute material can be a low or 
high molecular weight material, used alone or in conjunction with other components. 

In the processes described in conjunction with Examples 1,2, and 5 the movable 
stage was a rotating platform. Thin coatings of solute were delivered to a SAW surface 
with very high precision and reproducibility. This was accomplished by adjusting the 
solute concentration to a low level (in the case of Examples 1, 2, and 5, the solute 
concentration was below 1 wt % monomer; however, it should be understood that control 
might be achieved with higher solute concentrations, such as concentrations with below 
10-30 wt % monomer), as well the adjustment of offset position (x) between 0.5-5.0 cm. 
The final morphology of developed coatings can also be different from those achieved by 
other coating methodologies. It depends on the type of solute and propellant, solute 
molecular weight, composition of particles, as well as processing conditions. The 
rotatable platform allows for exact placement of the substrate relative to the spray jet. 
However, the movable stage 28 could be a conveyor or any other device which can bring 
the substrate 30 to a precise location below the nozzle 34. Movement below the nozzle 
can occur a single time or multiple times in repetition until a desired thickness of 
deposited particles is achieved. The optimization is to be made for type or solute to be 
delivered, propellant used, and support to be coated. Other factors having impact on the 
process include pre-expansion pressure, pre-expansion temperature, nozzle inner 
diameter, nozzle length, nozzle to substrate distance, offset position of the substrate from 
the nozzle, and the speed of movement of the stage 28. For the SAW devices with DSP 
and EPA imprinted particles described in conjunction with Examples 1 and 2, the 
technique allowed for formation of very thin coatings, which were highly reproducible 
(less than 2-7% standard deviation under various test conditions). 

The molecularly imprinted particles of the present invention can have many 
different applications. For example, they may be incorporated into the filter of a cigarette 
to selectively bind tar and other unhealthy materials before they are delivered to the lungs 
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of the smoker. They could be incorporated into or deposited on a filter which separates 
out undesired agents (in the case of, for example, water or air purification), or which 
serves to collect analytes of interest from a solution under test (e.g., binding enzymes or 
other materials in a urine or blood sample for diagnosis purposes). The particles can be 
deposited on substrates such as tubes, flasks, chromatography devices, SAW devices, 
semiconductor chips, filter media, etc., or they may be unattached to such devices. If the 
particles are unattached, they can be collected in a container which may be used for 
chromatography, filtration, purification, etc. The molecularly imprinted polymer 
particles may be associated with an indicator and serve as a sensor for the detection of the 
presence or absence of an analyte of interest (although in many sensor applications, the 
indicator would not need to be present on the sensor). In addition, the imprinted polymer 
particles might also be used in drug delivery applications such as those described in 
Example 3. 

In addition, in the present invention, imprinted particles can be made using the 
same propellant based methodologies using compounds other than monomers. The 
"compounds" can be polymers, proteins, mixture of polymers, mixture of proteins, or 
combination. For example, there is new concept of molecular imprinting of Nylon-6 
polymer with L-glutamine template in the solution. The recognition of amino acids by L- 
glutamine imprinted-polymer was evaluated by binding experiments for L-glutamine and 
its analogues and it was revealed that the recognition was effective for L-glutamine by 
the imprinted polymer as compared with its racemate D-glutamine and L- or D-glutamic 
acid (Reddy, P. S., T. Kobayashi, et al. (2002). Molecular imprinted Nylon-6 as a 
recognition material of amino acids. European Polymer Journal, 38(3): 521-529). The 
recognition experiments were extended to membrane filtration and quartz-crystal 
microbalance response by using the imprinted Nylon-6. Evidence was also presented by 
FT-IR analysis that the amide hydrogen-bonding interaction between the imprinted 
Nylon-6 and template was originated for the amino acid recognition (Reddy, P. S., T. 
Kobayashi, et al. (1999). Molecular imprinting in hydrogen bonding networks of 
polyamide nylon for recognition of amino acids. Chemistry Letters, (4): 293-294). 
. While much of the above discussion has been devoted to employing the propellant 
assisted method for molecular imprinting of particles, it should be understood that this 
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method, due to its use of a propellant, has several new and advantageous applications for 
forming particles of solid state reactivity which are not molecularly imprinted. An 
important advantage of the particle formation methodology noted above, wherein a 
monomers of solid state reactivity are expanded into particles of tunable size and shape, 
5 is that the particles can be activated immediately or after collection, or at a later time up 
tol-10 years and longer. That is, the particles thus produced, whether they contain only 
solid state reactivity monomers or a mixture of such monomers with other materials, will 
hold their particulate shape until such time as final polymerization is induced. The 
particles can be nanoscale, or up to 100 microns in size (for example, lOnm-lOOnm; 
10 lOnm-lmicron; 1-lOmicrons, etc., are all possible size dimensions of particles formed by 
the above described methods). As discussed above, the particles formed according to the 
above processes can be used to uniformly coat the surfaces of various substrates. They 
can be adhered to a substrate surfaces (e.g., quartz, glass, ceramic, metal, silicon, gallium 
arsenide, piezoelectric, polymer, etc.) without additional surface agents. 
1 5 The embodiment for development of small particles with solid state reactivity can 

be demonstrated referring to the Figure 1 . An important feature of this invention is that 
monomers or any materials with solid state reactivity can be solubilized in propellant to 
make mixtures capable of expansion by discharge through a nozzle or orifice 14 into a 
chamber 16, which should be shielded from the energy source, needed to initiate the 
20 reaction in the material. In this way, the propellant is used to make a mixture 1 0 that can 
be segregated into many small particles (less than 100 um, and less than 1 um for some 
applications) that are emanating from the nozzle or orifice 14. The propellant may 
contain co-solvent, surfactants, antisolvents, and other chemical constituents. In a 
preferred embodiment, the propellant may include, for example, chlorofluorocarbons 
25 (freons), hydrofluorocarbons, alkanes, alkenes, noble gases (e.g., helium and argon), 

hydrogen, fluorocarbons, nitrous oxide, ammonia, carbon monoxide and carbon dioxide. 

The propellant in this invention could contain at least one supercritical fluid, 
alone or in combination with a gas or other liquid. In addition, the propellant could 
include other materials, which will solubilize monomers used in the practice of this 
30 invention. The chief requirement is that a uniform distribution of monomers and is 
achieved with the propellant, and upon discharge through a nozzle 14, the propellant 
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leaves its association in the mixture in a gas form to produce a particle flow 1 8 in 
chamber 16, which should be shielded from the energy source, needed to initiate the 
reaction in the material. Specifically, as the mixture 10 is expanded through the nozzle 
due to entry of the mixture into a lower pressure environment, all of the gaseous 
components immediately leave the mixture, leaving only the non-gaseous matrix forming 
components in the form of small particles. The propellant can be vented from the 
chamber 16, or, it can be captured and recycled from the chamber 16 to the tank 12 using 
a pump. 

This technique of particle formation, particularly, when supercritical fluids are 
utilized in the propellant, is based on the tremendous solubility change that occurs during 
the sudden decompression of a supercritical solution containing a nonvolatile solute by 
means of an expansion device, such as an orifice or capillary nozzle. The high 
supersaturation during fluid expansion results in the nucleation and growth of solute 
particles with mean size ranging from nanometers to tens of microns. The size and 
morphology of precipitates is controlled by tuning the supercritical solution parameters 
(concentration of solute, pre-expansion temperature and pressure) as well as the geometry 
of the expansion device. The propellant may comprise 20-99.99% by weight of the 
mixture, and the monomers and other constituents may comprise 80-0.01% by weight of 
the mixture. 

The particles developed by this technique also can be collected on the surface of 
support, such as sensors, data storage media, semiconductors, electronic devices, films, 
filters. 

The invented method of development of small particles, possessing solid state 
reactivity has several advantages over the currently used technique for handling materials 
with solid state reactivity. One of the most important advances is the ability to produce 
non-agglomerated small particles that retain solid state reactivity for a long period of time 
(e.g., up to 1 or 10 years). The monomer particles can be used alone or in combination 
with other materials, such as binders, polymers, or mixtures. The particles can be 
activated at any specific time. There is no impurities in particle composition due to the 
solvent residue. Particle size can be tailored by choosing experimental conditions, such 
as concentration of the monomer, pre-expansion pressure and temperature, geometry of 
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the expansion device. Particles can be developed with the same as, or different from bulk 
monomer properties, (amorphous state of the highly crystalline DSP monomer; higher 
photoreactivity of the small monomer particles compared to the big crystals) 

Example 4 describes a write-once read many times application (optical data 
storage method) which employs the particles formed by a mixture of solid state reactivity 
monomers and propellant. This embodiment of the invention is based on preparing a 
composite material with required components: small particles from a solid photosensitive 
monomer exhibiting solid state reactivity and polymer matrix; recording information due 
to exposure to a light source; and developing the image by thermal treatment (heating) 
optionally followed by final illumination. A write-once read-many-times (WORM) data 
storage device utilizes small particles of a solid photosensitive monomer exhibiting solid 
state reactivity that can undergo solid state polymerization under irradiation (by UV, 
visible, or 1R light). Such recording materials have been described in the literature 
(Nakanishi, F, Nakanishi H.; Kato, M.; Tawata, M.; Hattori, Shuzo. Dry-process 
recording material by use of photosensitized solid-state reaction of m-phenylenediacrilic 
acid. J. Appl. Polym. Sci. 1981, 26 (10) 3505-10). 

In this application of the invention, a composition is prepared comprising 
monomer particles that retain solid state reactivity that are deposited into a polymer 
matrix. The monomers with the solid state reactivity is preferably selected from the group 
20 vinyl stearate, vinyl acetate, isoprene, vinyl octacecyl ether, methacrylic acid, trioxane, 
diacetylenes, and diolefinic compounds, such as, 2,5-distrylpyrazine (DSP), 2,2'-(2,2-p- 
phenylene-divinyl)-bis-pyridine, diethyl p-phenylenediacrylate dimethyl p- 
phenylenediacrylate. The polymer matrix preferably is selected from the group of: 
polycarbonates, polysiloxanes, and polyesters (however, other polymer matrices may also 
25 be empolyed. Any techniques for monomer particles production can be used, including 
one based on the use of fast expansion of propellant, or recrystallization in the polymer 
matrix be evaporation of the solvent or changing a temperature. 

The polymer matrix is solidified to prevent dimensional changes in the future. 
The solidification of polymer matrix can be performed by curing, network formation, 
passing trough liquid-solid transition, evaporation of solvent. The composite material 
can be optionally passivated to release any stress and prevent future matrix distortion. 
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Then, the formed composite material is selectively exposed to energy source sufficient to 
polymerize monomer particles and to form a patterned image. Any two-dimensional or 
three-dimensional image writing technique can be used. The writing technique 
selectively exposes only a portion of the monomer particles exhibiting solid state 
reactivity to radiant energy. This causes polymerization of the exposed portion, without 
polymerization of the unexposed portion. 

After that, the composite material comprised of polymer particles, monomer 
particles, and polymer matrix is subjected to heat at a temperature and for period of time 
sufficient to cause monomer particles (which did not undergo a solid state reaction) to 
diffuse into polymer matrix (this is usually for less than 10 minutes, but the time can vary 
depending on the temperature, choice of materials, etc.). Then, the prepared material can 
optionally subjected to an energy source (final illumination or heat treatment) for 
preferably a short period of time to polymerize diffused particles in the matrix, but away 
from the written image. An advantage of the described method is that thick materials can 
be prepared that are capable of optical data storage, such as two-dimensional or three 
dimensional materials. 

EXAMPLE 1 

2,5-distrylpyrazine (DSP) is a monomer that does not need any external 
photoinitiator to activate a reaction of polymerization in the solid state under UV-light 
irradiation. The apparatus we used had a stainless steel vessel with floating piston to 
keep the mole fraction of the mixture constant and to maintain a constant pressure during 
the expansion. The maximum working pressure and temperature of the apparatus was 
10,000 psi and 250 °C, respectively. The expansion nozzle was a fused silica capillary 
with the inner diameter of 1 00 um and length of 20 mm. The propellant used was 
chlorodifluoromethane (Freon-22). DSP monomer 0.2 wt % was placed into the vessel 
first at room temperature. Then the vessel was closed and propellant was charged into the 
vessel. The vessel was heated to 120°C and pressurized to 5000 psi. After two hours, the 
mixture was expanded trough the nozzle into the collection chamber at the pre-expansion 
conditions: temperature 120 °C, pressure 5000 psi. The particles were collected directly 
onto Surface Acoustic Wave (SAW) transducers of 250 MHz resonant frequency. 
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Propellant gas was vented from the collection chamber. Then SAW with coatings 
were exposed to heptane vapors for 10 minutes, and in presence of heptane vapors 
irradiated by UV light for 15 minutes (using 100 Watt UV lamp, PC-100S, American 
Ultraviolet Co, providing a spectral range of 325-382 nm at 22 cm distance). After 
polymerization the particles were flushed with dry nitrogen for 20 minutes to remove 
template. 

A custom-built dynamic flow sensor calibration system was used to evaluate the 
imprinting effect. The system accommodates two isolated SAW devices (SAW PRO-250 
from Microsensor Systems, Inc.): one coated resonator and one uncoated used as a 
reference device. The temperature of both SAW devices was maintained at 30 ± 0.5°C. 
Test vapors were generated by means of evaporation using fritted u-shaped spargers filled 
with liquid analyte and controlled at 10 ± 0.1°C. The flow rates were regulated in a range 
of 0.1-0.5 L/m in order to control the analyte concentration. Research grade nitrogen was 
used as a carrier gas and dilutant. The test gas was applied repeatedly to the sampling 
resonator with a typical duty cycle of 60 seconds followed by purging with dry nitrogen, 
while the reference SAW resonator was exposed to a pure nitrogen stream with a 
matching flow rate. 

The response of SAW transducers coated with the imprinted DSP polymer 
particles was compared to the response of the SAW device coated with the particles of 
matching particle size and coating thickness. Analytes used were a family of alkanes with 
different size of molecular chain, including template, such as pentane, hexane, heptane, 
octane, nonane, and decane. Figure 2 shows the change in selectivity of heptane 
imprinted DSP particles. It can be seen that for n-hexane and n-heptane, the molecularly 
imprinted polymer particles are significantly more selective than the non-imprinted 
devices. This selectively rapidly dissipates as the analyte becomes larger (note the 
decrease for n-octane, n-nonane, and n-decane. Furthermore, Figure 2 demonstrates that 
the structure of the analyte plays an important role in selectivity. By comparing the 
results of iso-octane and n-octane, two compounds of the same carbon make up but of 
different structure and spatial size, it can be seen that the DSP molecularly imprinted wrth 
heptane was not significantly more selective for isooctane than the non-imprinted DSP. 
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EXAMPLE 2 

p-phenylenediacrylate (EPA) is a monomer capable of polymerization in the solid 
state The appararus was the same as described in the Example 1. The expansion nozzle 
was a fused silica capillary with the inner diameter of 100 pm and length of 20 mm. The 
5 propeUan, used was chlorodifluoromethane (Freon-22). EPA monomer 0.07 w. % was 
p,aced into the vessel firs. a. room temperature. Then vessel was closed and propeUan. 
was charged in.o me vessel. The vessel was heated «o 120 °C and pressurized to 5000 ps, 
After .wo hours, the mixture was expanded through the nozzle into the collectton 
chamber a. .he preexpansion conditions: temperature 130 °C, pressure 5000 psi. The 
,0 particles were collected directly on.o a SAW .ransduecrs of 250 MHz resonant 

frequency. PropeUan, gas was vented from the collection chamber. Then SAW w„h 
coatings were exposed to heptane vapors for 10 minutes, and, in the presence of heptane 
vapors irradiated by UV light for 15 minu.es (using 100 Watt UV lamp, PC-100S, 
African Ultraviolet Co, providing a spectra, range of 325-382 nm at 22 cm distance). 
,5 After polymerizatton, the particles were flushed with dry nitrogen for 20 minutes to 
remove template. 

Figure 3 shows the change in selectivity of heptane imprinted EPA particles. It 
can be seen that for n-hexanc and n-heptane, the molecular.y imprinted polymer part.eles 
aK significantly more selective than the non-imprinted devices. This selectively rapidly 

20 dissipates as the analytc becomes larger (note the decrease for n-oc,a„e, n-nonane, and n- 
decane Furthermore, Figure 3 demonstrates that the structure of the analyte plays an 
important role in selectivity. By comparing the results of iso-octane and n-octane, two 
compounds of the carbon make up but of different spatial size and structure, ,1 can be 
seen that the EPA molecularly imprinted with heptane was no, significan.ly more 

25 selective for isooctane than the non-imprinted EPA. 

EXAMPLE 3 

Enzymes perform a key role in living organisms, catalyzing the transformation of 
substrates to specific products. In general, enzymes are proteins (polypeptides) of 
30 varying size and amino acid residue composition. Each enzyme is designed to catalyze a 
specific reaction. The high reaction rate and the selectivity of the reaction are two 
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characteristics of the enzyme-catalyzed reactions. The preparation of materials 
possessing enzymatic behavior is useful to catalyze the reaction of industrial interest, 
especially in reactions for which no natural enzyme is available. One of the key features 
of a natural enzymatic process, apart from the high rate of reaction, is selectivity. The 
5 selectivity of enzymes is highlighted by the following: 

1) Enzymes are able to direct the chemical reaction to one specific part of the 

substrate, e.g. an enzyme may catalyze a chemical reaction at one specific site on 
the substrate while leaving other sites unaffected. These may be equally liable to 
reaction when performing the reaction by chemical means. 
, 0 2) Enzymes are selective for their substrates. Enzymes can operate in a mixture of 
compounds, but bind and act upon only one (the substrate) or a few of the 
components of the mixture. 

3) Enzymes are selective with respect to the chemical reaction performed. One 
substrate may undergo a variety of chemical conversions, each catalyzed by a 

1 5 specific enzyme. 

4) Enzymes can perform their chemical reactions selectively with respect to the 
stereostructure of the substrate and product. Only one enantiomeric form of a 
substrate can be converted or from a prochiral substrate (i.e., only one 
enantiomeric form of the product is produced). 

All of these types of selectivity of enzyme catalysis are attractive for the chemist to 
mimic in the construction of synthetic enzymes by molecular imprinting technique. In 
contrast to the enzymes, antibodies are capable to bind selectively to antigens. The 
formed antibody-antigen complex, is also a subjected of further conversions. The 
preparation of synthetic enzymes is well recognized and includes the synthes.s of 
compounds based on natural starting material (cyclodextrin) (R. Breslow, A. W. 
Czarnik, J. Am. Chem. Soc. 105,1390 (1983)) and the preparation of fully synthetic 
systems (J-M. Lehn, C. Sirlin, J. Chem. Soc. Chem. Commun., 949,(1978) and D. J. 
Cram, P. Y. Lam, S. P. Ho, J. Am. Chem. Soc, 108, 839 (1986)). U.S. patents describing 
molecular imprinting used for development of artificial enzymes are US Patent 5,1 10,833 
30 Mosbach and US Patent 5,801,221, Tanaka, et al., each of which have been incorporated 
herein by reference. 
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While not previously recognized, imprinting of nanoparticles can be very useful 
for drug targeting as well. Nanoparticles are solid, colloidal particles consisting of 
macromolecular substances that vary in size from 10 nanometers (nm) to 1000 nm. In 
this embodiment of the invention, the drug is dissolved, entrapped, adsorbed, attached, or 

5 encapsulated in the macromolecular material(s). Choosing the appropriate polymer, 
particle size, and method of production would depend on three major aspects: 
bioacceptability of the polymer, physicochemical properties of the drug, and the type of 
therapy the drug should have. The use of polymers for nanoparticles is usually restricted 
by their bioacceptability. The bioacceptability is affected by the polymer and the 

10 supplementary components, as well as by particle size (Microparticulate systems for the 
delivery of proteins and vaccines. Ed. S.Cohen, H.Bernstein, 1996, Drugs and 
Pharmaceutical Sciences, 77 ). A reduction in the particle size of the polymeric particles 
has many advantages, which are listed below. 

1 .) Intravenous injection can be allowed if there is a decrease in the particle size. 

1 5 2.) Intramuscular and subcutaneous distribution require small particle size. 

3. ) Irritant reactions at the injection site are minimized by using small particle size. 

4. ) Carcinogenic effects depend on particle size. 

Some important practices for which nanoparticles are used include the adsorbing and 
coating of organs and tissues, peroral administration of drugs, vaccinations, the delivery 
20 of anti- inflammatory drugs, and the delivery of drugs for diseases and tumors. 

Significant efforts in this field are now focused on the surface modifications of the 
nanoparticulate drug carriers in order to improve their targeting properties. Therefore 
molecular imprinting of drug carriers can improve the interactions with specific epithelial 
cells to target specific sites. This invention, therefore, particularly contemplates a 
25 molecularly imprinted particle with an active agent (e.g., drug in the case of a therapeutic 
agent; toxin or oxidizing agent in the case of a cancer treatment, etc.) associated with the 
particle. The particle would be imprinted with a target molecule (e.g., enzyme, etc.) or 
substrate (cell, DNA, RNA, etc.) which would allow the particle to bind to the biological 
material of interest, and would then deliver the active agent at the targeted site. This can 
30 occur by dissolution of the polymer particle with subsequent release of the active agent, 
or by the active agent present on the surface of the polymer particle being free to take its 
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intended action, or by other means. In contrast to the enzymes, antibodies are capable to 
bind selectively to antigens. According to the present invention, the synthetic antibody 
would be developed as the imprinted particle capable of the template specific binding, for 
example to specific antigen. While the particle (synthetic antibody) is bound to the site of 
interest, it can stay at the site certain time. The imprinted particle (synthetic antibody) 
may include other chemical/biological compounds, which are not needed for molecular 
imprinting, but can be incorporated into the molecularly imprinted particle. When such 
prepared "loaded" synthetic antibody binds to the template specific site, the "load" can be 
released from the particle. The load to artificial antibodies can be selected from drug, 
neurotransmitters hormone, or the other biologically active compounds or catalyst. 
Released load is administrated to the area of the antigen-antibody complex in order to 
make changes to the living organism. This can occur by dissolution of the polymer 
particle with subsequent release of the active agent, or by the active agent present on the 
surface of the polymer particle being free to take its intended action, or by other means. 

EXAMPLE 4 

This embodiment of the invention is based on preparing a composite material with 
required components: small particles from a solid photosensitive monomer exhibiting 
solid state reactivity and polymer matrix; recording information due to exposure to a light 
source; and developing the image by thermal treatment (heating) optionally followed by 
final illumination. 

Step 1 . Preparing a composite material 

A write-once read-many-times (WORM) data storage device utilizes small 
particles of a solid photosensitive monomer exhibiting solid state reactivity that can 
undergo solid state polymerization under irradiation (by UV, visible, or IR light). Such 
recording materials have been described in literature (Nakanishi, F.; Nakanishi H.; Kato, 
M.; Tawata, M.; Hattori, Shuzo. Dry-process recording material by use of photosensitized 
solid-state reaction of m-phenylenediacrilic acid. J. Appl. Polym. Sci. 1981, 26 (10) 
3505-10). The small particles of the monomer are embedded in a polymer matrix and can 
diffuse into the polymer matrix under heat treatment. The polymer for the matrix must be 
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transparent to the light used as the writing source, thermostable, and mechanically stable 
(i.e. does not change dimensions after thermal treatment and over time during storage). 

Form a data storage media from the composition of a photosensitive monomer 
possessing solid state reactivity and a polymer matrix by any suitable technique 
(Examples include: injection molding, coating techniques etc.). Solidify the polymer 
matrix by curing, network formation, or passing through liquid-solid transition. 
Optionally passivate the resultant composite material to prevent further dimensional 
changes that can cause image distortion. Any technique for monomer particles 
production can be used. We used 2,5-distyrylpyrazine (DSP) 100 nm particles produced 
by the fast expansion of propellant, as described in the present invention. Particularly, 
clorodifluoromethane (99.8 wt %) was used as a propellant. The mixture was expanded 
through the nozzle into the collection chamber at the pre-expansion conditions: 
temperature 120 °C, pressure 5000 psi. The collected chamber was made to prevent light 
from entering. The particles are collected on the surface of support (glass microscope 
slides) to form a coating consisting from small particles. As an example of a polymer 
matrix we used polydimethylsiloxane methyldiacetoxy terminated (PDMSMA) CAS 
#70879-95-7. Polymer was cast over the coating of DSP particles and a layer from the 
DSP - PDMSMA mixture having thickness of 0.7 mm was prepared in the dark 
environment. Then the polymer matrix was cured in a dark environment by water vapor 
and the resultant composite material was passivated at 40 °C for 30 minutes to prevent 
further dimensional changes that can cause image distortion. 

For two-dimensional images sometimes the use of polymer matrix can be 
optional. We developed a dry-process recording material from DSP 100 nm particles 
without use of polymer matrix. The image was created according to the step 2, without 
need of polymer matrix curing. After image development by short heating (step 3), the 
image is stable and ready for readout of information. Thus, polymer matrix optionally 
can be avoided for some cases, for thin coatings for example. 
Step 2. Recording the information 

Write the information to be stored (2-D or 3-D) by means of a light source device 
(laser, for example), that induces the solid state reaction in the monomer particles. We 
used, for example, UV laser with 365 nm wavelength and 100 Watt UV lamp, providing 
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a spectral range of 325-382 nm. Where exposed, the DSP monomer particles undergo 
solid state polymerization under irradiation by UV light, resulting in the formation of a 
high molecular weight polymer structure. We recorded two-dimensional images using 
physical mask to form a patterned image. One can understand that any known methods 
recording of optical information can be employed. 



Step 3. Image Development 

Generally, to prevent image smearing (damage) in the presence of any future 
irradiation during data readout or storage an additional step - image development is 
needed. We introduced a short thermal treatment as an image development technique. 
We heated the data storage device consisting of DSP - PDMSMA composite layer 
having thickness of 0.7 mm with recorded information to a temperature of 200 °C for 2-5 
minutes. The unreacted DSP monomer, diffuses into the polymer matrix during heating, 
while reacted DSP polymer developed during information recording does not. The 
difference in diffusion and vapor pressure between the reacted and unreacted material 
provides the image preservation. The image is clearly seen after that. After the 
development step the data storage device is stable and ready for readout of information. 
In some cases it may be necessary to illuminate material to fix the unreacted particles in 
the polymer matrix away from the image. 

This embodiment of the invention provided a method whereby a two dimensional 
or three dimensional image may be stored for later use. The solid photosensitive particles 
produced according to the described technique need only be combined with a polymer 
matrix to preserve a spacious structure of the layer of particles. The image is then created 
by a writing source such as laser light directed at the particles, which causes the imaged 
particles to polymerize, with a fast thermal treatment to develop the image. That is, the 
difference between reacted particles (those exposed during radiation) and unreacted 
particles (those not exposed) in diffusing into the polymer matrix fully develops the 
image. Thus optical storage is obtained by a three step process whereby 1) particles are 
developed by the fast expansion of propellant and mixed with/without polymer matrix, 2) 
a precise writing tool directs energy at the coated polymer matrix to selectively form two 
dimensional or three dimensional structures by selectively polymerizing the monomer 
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particles thereon, and 3) developing by a simple heat treatment to fix the image by a 
difference in diffusion properties between reacted and unreacted particles. The described 
materials for storing optical data are advantageous over the prior art as having greater 
physical thickness of the composite layer, up to 1 mm, and up to 5 mm in some cases 
with small particles. This is important for three dimensional images such as holography. 

EXAMPLE 5 

The methods used in Examples land 2, and described above in conjunction with 
Figure 4 illustrate methodologies whereby thin uniform thickness coatings are formed 
from low and high molecular weight substances, consisting of particulate morphologies 
or uniform films, chemically/mechanically adhered to the surfaces. Surfaces to be coated 
can be conductive, non-conductive, semiconductive (e.g., silicon or gallium arsenide), 
piezoelectric, magnetic or non-magnetic, quartz, glass, metal, polymer, ceramic, zinc 
oxide, lithium neobate, etc. In addition, the substrate could be porous or non-porous. 

Figure 5 shows a schematic diagram of the nozzle region that pertains to the 
system shown in Figure 4. In Figure 5, the moveable stage 28 holds one or more 
substrates 30 a distance h below the nozzle 34. The offset x represents the distance the 
substrate 30 is positioned from direct alignment with an outlet of the nozzle 34. The 
radius R represents the radius from the center of rotation to the center of the spray from 
nozzle 34. In one experiment where polymer was deposited over a SAW device with 250 
MHz resonant frequency, the copolymer 50 % methylphenyl-50% diphenyl siloxane was 
deposited from chlorodifluoromethane to result in coating thickness of 350 kHz at 
conditions as follow: solute concentration - 0.1 1 wt %; offset (x) - 1.0 cm; nozzle-to- 
substrate distance (h) - 2.5 cm; rotation speed - 4.12 rpm; radius from the center of 
rotation to the imaginable center of the spray (R) - 6.0 cm; pre-expansion temperature - 
125 C; pre-expansion pressure - 5000 psi. In another experiment pertaining to monomer 
deposition over the SAW devices with 250 MHz resonant frequency, the 2,5- 
distyrylpyrazine (DSP) monomer was deposited from chlorodifluoromethane to result in 
coating thickness of 90 kHz at conditions as follows: solute concentration - 0.15 wt %; 
offset (x) - 0.8 cm; nozzle-to-substrate distance (h) - 2.0 cm; rotation speed - 5.23 rpm; 
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radius from the center of rotation to the imaginable center of the spray (R) - 6.0 cm; pre- 
expansion temperature - 130 C; pre-expansion pressure - 5000 psi. 

For the SAW devices with 250 MHz resonant frequency coated with monomer 
and polymer particles described in conjunction with Examples 1 and 2, the acoustical 
thickness, expressed as a frequency shift of 250 MHz resonant frequency device, can 

vary from 90 to 1 ,000 kHz. 

The offset serves an important function in that it allows thin coatings of solute 
(e.g., monomers, polymers, etc.) to be created without microscopic defects due to 
physical impaction of the stream on the substrate surface. 

While the invention has been described in conjunction with its preferred 
embodiments, those of skill in the art will recognize that the invention can be practiced 
with considerable variation within the spirit and scope of the appended claims. 



